Steroidogenic factor 1 (SF-1), also known as adrenal 4-binding protein, is a member of the nuclear hormone receptor family that regulates transcription of genes encoding hormones and steroidogenic enzymes important to the function of the hypothalamic-pituitary-gonadal axis. The mammalian Ftz-F1 gene encodes SF-1 and is required for development of adrenal glands and gonads. To better understand the mechanisms regulating this gene in the gonads, we have examined its expression in the testis and characterized the promoter region for SF-1 in two testicular cell types. SF-1 promoter activity was examined in primary cultures of Sertoli cells and cell lines representative of Sertoli and Leydig cells. Deletion mutagenesis of the promoter identified several regions: both 5 and 3 to the transcriptional start sites that are important for transcriptional activity. Two elements, an E box and a CCAAT box, were found to be important for SF-1 transcription in the testis. An oligodeoxynucleotide containing both of these elements bound three specific protein complexes. The binding of one complex required only sequences within the E box and cross-reacted with antibodies against the basic helixloop-helix ZIP proteins USF1 and USF2. A second specific complex required sequences within both the E box and CCAAT box for efficient binding, while a third complex predominantly interacted with sequences within the CCAAT motif. The presence of multiple protein complexes binding these sites suggests that regulation through these elements may involve interactions with different factors that depend on the state of the cell and its environment.
INTRODUCTION
Steroidogenic factor 1 (SF-1), also known as adrenal 4-binding protein (Ad4bp), is a transcription factor that has emerged as a key regulator of endocrine function and the development of adrenal glands and gonads [1] [2] [3] [4] [5] [6] . SF-1 is a member of the nuclear hormone receptor family that was initially recognized for its role in the tissue-specific expression of the cytochrome P450 steroid hydroxylase genes [7, 8] . The promoters of these genes contain a common regulatory motif (AGGTCA) through which SF-1 binds and activates transcription. More recently, SF-1's role in endocrine regulation has expanded to include genes acting at multiple levels of the hypothalamic-pituitary-gonadal and -adrenal axes [6, [9] [10] [11] [12] [13] . Although SF-1 has been implicated in the development of adrenal glands and gonads, little is known about the developmentally critical events regulated by this transcription factor or those leading to its induction.
The gene encoding SF-1 most closely resembles the Drosophila FTZ-F1 gene from which two developmentally regulated nuclear receptors are expressed [14, 15] . The mouse gene encoding SF-1 was designated Ftz-F1 and has been shown to express four distinct transcripts specified as ELP1, ELP2, ELP3, and SF-1/Ad4bp [16, 17] . The various transcripts arise from distinct promoters and contain both shared and isoform-specific regions. The expression profiles of the transcripts vary, suggesting that the proteins differ in their biological function [17] .
Four different Ftz-F1 knockout models have been created, and the findings were consistent between each [3, 5, 6, 18] . The Ftz-F1 null mice presented with external genitalia that were male-to-female sex reversed, and the mice died shortly after birth due to corticosteroid deficiency [3] . In addition, mice lacking the Ftz-F1 gene fail to form adrenal glands and gonads because of an arrest of these developmental pathways in the embryo [3] . Although multiple transcripts are generated from the Ftz-F1 gene, several observations indicate that SF-1 is the gene product responsible for the defects observed in the knockout animals. Importantly, one of the animal models was generated by mutating only the initiating methionine of the SF-1 protein while leaving ELP1 and ELP2 intact. As indicated above, these animals had the same phenotype as the other knockout models. In addition, expression data on SF-1 and the other transcripts were consistent with SF-1's role in the function of these tissues early in embryogenesis as well as in the adult animal [4] .
In the embryo, SF-1 was first observed in what appeared to be a single population of cells in the urogenital ridge and later resolved into two discrete populations that gave rise to adrenocortical and gonadal cells [19] . As development proceeded, SF-1 exhibited a sexually dimorphic pattern of expression in the gonads, with predominant mRNA levels in the testis and little or no expression in the ovary [19, 20] . In the embryonic testis, SF-1 transcripts were found in the interstitial region and within the seminiferous cords, indicating that both Leydig (interstitial) and Sertoli (cords) cells express this protein [19, 21] . SF-1 expression continued after birth in the adrenal gland, testis, and ovary, where it has been detected in adrenocortical cells, testicular Leydig and Sertoli cells, and ovarian theca and granulosa cells [19, 22, 23] . In males, SF-1 expression decreased after the first wave of spermatogenesis, while in females, expression increased with the onset of folliculogenesis. Expression in adrenocortical cells persisted after birth at comparable levels in males and females. Additional studies have led to the identification of SF-1 transcripts in the ventromedial hypothalamic nucleus (e11.5, mouse), the developing pituitary gland (e13.5, mouse), the spleen, and the placenta [5, 6, 10, 13, 17, 18, [24] [25] [26] .
The pivotal nature of SF-1 in endocrine function and development underscores the importance of understanding the mechanisms that control its expression. Thus identifying proteins that regulate SF-1 transcription will expand our knowledge of the events leading to adrenal and gonad development and those needed for steroid biosynthesis. Studies on transcriptional regulation of SF-1 are limited and have focused primarily on expression in the adrenocortical cell line Y1 and the pituitary gonadotroph cell line ␣T3 [27] [28] [29] . Collectively, these studies have identified an E box, a CCAAT box, and an Sp1 site that are important for promoter activity. The E box was shown to have functional significance in both Y1 and ␣T3 cells, while the importance of the CCAAT box and Sp1 site was determined only in Y1 cells [27] [28] [29] . Protein/DNA binding studies indicated that the transcription factors USF1 and USF2 interacted with the SF-1 E box in ␣T3 and Y1 cells and that the CCAAT binding factor (CBF/NF-Y) bound the CCAAT motif [27, 28] . Despite its critical role in the development and function of the gonads, there are no known reports identifying elements in the SF-1 gene needed for expression in cells of these tissues. Here, we report the characterization of SF-1 promoter activity in two cell types of the testis, Leydig cells and Sertoli cells. We have found that transcriptional regulation of SF-1 in Leydig and Sertoli cells shares several important regulatory features with expression in Y1 cells, including the use of the E box and CCAAT box elements. In addition, our studies suggest that interactions between proteins binding these elements are important in transcriptional regulation of SF-1 in these cells.
MATERIALS AND METHODS

SF-1 Promoter Clones
Genomic DNA isolated from Sprague-Dawley (Harlan Sprague Dawley, Indianapolis, IN) rats was used as a template in polymerase chain reaction (PCR) to generate a DNA fragment spanning from 734 base pairs (bp) 5Ј of exon 1 in the rat Ftz-F1 gene to 60 bp in the 3Ј direction (Ϫ734/ϩ60). The forward primer used, which contains an added XhoI site, was 5Ј GGGGCTCGAGATCCGTCTA-GGCCAGTTCAG 3Ј. The reverse primer used, which contains an added HindIII site, was 5Ј GGGGAAGCTTCTAT-CGGGCTGTCAGGAACT 3Ј. The resulting DNA fragment was subcloned into the HindIII/XhoI sites of pGL3-Basic (Promega, Madison, WI) upstream of the luciferase reporter gene. SF-1 deletion mutants SF-1 (Ϫ232/ϩ60), SF-1 (Ϫ87/ ϩ60), and SF-1 (Ϫ80/ϩ60) were generated by digestion of SF-1 (Ϫ734/ϩ60) with restriction endonucleases XhoI and either PvuII (Ϫ232), PstI (Ϫ87), or PmlI (Ϫ80). The digested promoter/reporters were treated with Klenow to generate blunt ends and ligated together. SF-1 block-replacement mutants were generated by PCR mutagenesis as described elsewhere [30, 31] . Amplified DNA fragments containing mutations were cloned into the HindIII/PstI sites of the SF-1 (Ϫ734/ϩ60) plasmid to yield the desired block mutant. All clones were confirmed by sequencing using the ABI Prism dRhodamine Terminator Cycle Sequence Ready Reaction Kit (PE Applied Biosystems, Foster City, CA).
DNA Preparation
All plasmid DNAs were prepared from overnight bacterial cultures using Qiagen DNA plasmid columns according to the supplier's protocol (Qiagen, Chatsworth, CA). Oligodeoxynucleotides were purchased from either Life Technologies (Gaithersburg, MD) or Genosys (The Woodlands, TX).
Cell Culture Conditions and Transfection Analysis
Preparation of primary rat Sertoli cells and culture conditions for the MSC-1 mouse Sertoli cell line have been previously described [30] . Culture conditions for MA-10 cells, a mouse Leydig tumor cell line, have been described [32] . For transient transfection studies, Sertoli cells were plated by testis weight (1.7 mg/well) onto 12-well dishes 3 days prior to transfection. On the morning of transfection, medium was changed to Dulbecco's modified Eagle's medium (Life Technologies, Gaithersburg, MD) without additives. Four to six hours later, cells were transfected using 0.2 g of pGL3-reporter vector and 45 ng of pRL-TK in combination with 1 l lipofectamine and 6 l Plus reagent according to the manufacturer's recommendations (Life Technologies); pRL-TK expresses Renilla luciferase from the herpes simplex virus thymidine kinase promoter and was included to control for transfection efficiency. Sixty hours after transfection, the cells were lysed and assayed for both firefly and Renilla luciferase using the Dual-Luciferase Reporter Assay System (Promega). MSC-1 cells were plated in 24-well plates at 52 000 cells per well and then transfected using 0.3 g pGL3-reporter vector, 10 ng pRL-TK, and 2 l lipofectamine. Specifics of the transfection procedure are described elsewhere [30, 31] . MA-10 cells were plated at a density of 26 000 cells per well and transfected using 0.1 g pGL3-reporter, 10 ng pRL-TK, and 1.5 l lipofectamine. Lipid/DNA complexes were removed after 12-14 h, and the cells were re-fed with complete medium (Waymouth's supplemented with 20 mM Hepes, 15% horse serum, and 50 g/ml gentamicin). MSC-1 and MA-10 cells were assayed as described for primary Sertoli cells. For each promoter construct, at least two independent clones were examined. The transfection data were represented as the firefly luciferase/Renilla luciferase activity of each construct, which was normalized to the firefly luciferase/Renilla luciferase activity of either pGL3-Basic or the wild-type SF-1 (Ϫ734/ϩ60 bp) promoter construct. The values were then averaged over a minimum of three independent experiments.
Determination of Transcriptional Start Sites and PCR Analysis of Ftz-F1
Transcriptional start sites were mapped by rapid amplification of cDNA ends (RACE) as described elsewhere [33, 34] . Primers used for the 5Ј RACE were generated against exon 3C from both mouse and rat Ftz-F1 [17, 29] . RNA was isolated from primary Sertoli cells, MSC-1 cells, and MA-10 cells using Trizol reagent according to manufacturer recommendations (Life Technologies). Complementary DNA was generated from total RNA using the most 3Ј primer SF1.7 (5Ј-CTTGCAGCTCTCGCACGT-3Ј). Amplified products from two rounds of PCR using the Ftz-F1-specific primers SF1.8 (5Ј-GAGCAGCCCGTAGTGGTAG-3Ј) and SF1.9 (5Ј-GCCGAAGCTTACACACTGGACACA-GCTCGTC-3Ј), respectively, were subcloned, and individual clones were sequenced. Additional conformation of Ftz-F1 gene products was determined by PCR using primer sets that are specific for amplifying specific Ftz-F1 gene productsfor ELP1 (ELP1F: 5Ј-AGAATCGGGGTTTTGTTCTC-3Ј, ELP1R: 5Ј-CAGCCTCGAGAGGCCTG-3Ј), ELP2 (ELP2F: 5Ј-CTGTCACTCCTAGCCTCTGAT-3Ј and SF1.7), ELP3 (ELP3F: 5Ј-GGGTTCGCGAAGCGCG-3Ј and SF1.7), and SF-1 (SF3: 5Ј-GGGGTCTAGAAGTTTGCAGTCCGCC-GCT-3Ј and SF1.7). Amplified PCR products were gel purified and sequenced to confirm the identity of the products. [17] . The angled arrows above the diagram indicate the transcriptional start sites for SF-1, ELP3, ELP2, and ELP1, left to right, respectively. Primers (not shown) used in 5Ј RACE were specific for exon 3C. Arrows under each depicted Ftz-F1 transcript represent the location of primers used in RT-PCR. B) Results from 5Ј RACE and RT-PCR. The number (#) analyzed indicates the total number of clones sequenced for which transcripts could be distinguished. Of that total, the number of either SF-1-derived transcripts or other transcripts is indicated. The predominant transcriptional start site for SF-1 is indicated in parentheses and is relative to that reported for the rat [29] . Results from the RT-PCR corroborated the 5Ј RACE data. RT-PCR products were isolated and verified by sequencing.
Electrophoretic Mobility Shift Analysis
To prepare nuclear extracts, cells were washed with icecold buffer (25 mM Hepes, pH 7.4, 1 mM dithiothreitol [DTT], 1.5 mM EDTA, 10% glycerol) and scraped from plates into the buffer specified above with 0.5 mM PMSF added. Cells were lysed using 30 strokes of a Dounce homogenizer (B pestle), and the nuclei were pelleted by centrifugation (16 000 ϫ g) for 1 min. The supernatant was removed and nuclei were resuspended in extraction buffer (25 mM Hepes, pH 7.9, 1 mM DTT, 1.5 mM EDTA, 10% glycerol, and 0.5 M KCl). Nuclei were extracted on ice for 10 min and then frozen on dry ice. Nuclei were then thawed and centrifuged (85 000 ϫ g) for 6 min. Supernatants were immediately aliquoted and placed at Ϫ80ЊC. Protein concentration was determined by the BCA method (Pierce, Rockford, IL) using BSA as a standard.
For electrophoretic mobility shift assays, nuclear extracts (6-10 g protein) were incubated with 25 fmol of radiolabeled double-stranded oligonucleotide in the presence of 10 mM Hepes, pH 7.9, 3 mM MgCl 2 , 30 mM KCl, 0.5 mM DTT, 12% glycerol, 0.6 mM EDTA, 0.2 mM PMSF, 50 ng salmon sperm DNA, 1 g dIdC, 10 M ZnCl, and 1 g/ ml BSA in a 20-l reaction volume as described elsewhere [30] . Addition of competitors or antibodies to the reaction immediately preceded the addition of extract. Antibodies for USF1 (C-20)X, USF2 (C-20)X, and c-Myc (N-262)X were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). These antibodies are supplied as rabbit polyclonal IgG and were used directly as supplied by the manufacturer at 1 g IgG per binding reaction.
Reactions were incubated on ice for 10 min prior to addition of probe and then for an additional 30 min on ice before being loaded onto the gel unless otherwise noted. Protein/DNA complexes were resolved on a 4% polyacrylamide gel (acrylamide:bis-acrylamide, 40:1) run in 25 mM Tris (pH 8.5), 190 mM glycine at 250 volts for 1.5 h at 4ЊC. Gels were dried and analyzed by autoradiography.
RESULTS
Expression of Ftz-F1 Transcripts in Sertoli and Leydig Cells
The Ftz-F1 gene has eight exons and encodes four distinct transcripts designated ELP1, ELP2, ELP3, and AD4BP/SF-1. Each transcript is generated from a distinct transcriptional start site and differs with respect to its expression profile [17, 29] . The structure of the Ftz-F1 gene and its four transcripts is depicted in Figure 1A , which shows that both promoter usage and alternative splicing are responsible for differences in the derived mRNAs (adapted from Ninomiya et al. [17] ). RACE was used to determine the transcriptional start sites utilized by the Ftz-F1 gene in Sertoli and Leydig cells, the two testicular cell types known to express this gene. 5Ј RACE was performed using primers specific for mouse and rat Ftz-F1 sequences within exon 3B, an exon common to each transcript; and RNA was isolated from primary rat Sertoli cells, a mouse Sertoli cell line (MSC-1), and a mouse Leydig cell line (MA-10). Sequence analysis of the RACE products indicated that the large majority of transcripts were generated from the SF-1 promoter (Fig. 1B) . In addition, for each cell type, the transcriptional start sites for SF-1 clustered around the ϩ1 and ϩ6 positions relative to that previously reported in adult rat testis, where transcripts were most likely from expression in Leydig cells (Fig. 2) [29] . The 5Ј RACE strategy also identified other Ftz-F1 transcripts that appeared to be less abundant as evidenced by the number of sequenced RACE products (data summarized in Fig. 1B) .
In addition, RT-PCR was used to investigate Ftz-F1 expression by employing primers that specifically amplify each transcript. The arrows under each diagramed transcript indicate the location of the primers (Fig. 1A) . ELP2, ELP3, and SF-1 transcripts were identified in primary Sertoli cells and MA-10 cells, while in MSC-1 cells, only SF-1 transcripts were found. Comparison of the amplified products after various rounds of amplification (15, 20, 30, 40 cycles) supported the 5Ј RACE observation that SF-1 is the predominant transcript in these cells.
Importance of Several Regions of the SF-1 Promoter for Transcriptional Activity in Sertoli and Leydig Cells
To examine transcriptional regulation of SF-1 in the testis, we cloned a fragment of the rat SF-1 promoter spanning from 734 bp in the 5Ј direction to 60 bp in the 3Ј direction relative to the major transcriptional start site (ϩ1 in Fig.  2 ). The sequence of the SF-1 promoter from Ϫ232 to ϩ60 is depicted in Figure 2 . Also shown are sites corresponding to the start of transcription, several restriction enzyme recognition sequences used for promoter analysis, and consensus binding sites for relevant transcriptional regulators. The SF-1 5Ј flanking sequence (Ϫ734/ϩ60) was placed upstream of the firefly luciferase reporter gene (SF1 [Ϫ734/ ϩ60] Luc) and transiently transfected into primary Sertoli cells, MSC-1 cells, or MA-10 cells to evaluate promoter function. SF-1 promoter activity was 60-fold greater than FIG. 2. Nucleic acid sequence of the rat SF-1 promoter region. Sequence of the rat promoter region from Ϫ235 to ϩ60. PCR was used to amplify the rat SF-1 promoter region using genomic DNA isolated from Sprague-Dawley rats. The sequence corresponded to that previously reported for the rat with the exception of a single-base insertion at position Ϫ41 (underlined). This change was confirmed in four independent PCR reactions. The major transcriptional start sites are indicated as bent arrows. Restriction enzyme sites used in cloning deletion mutants and potential transcription factor regulatory elements identified through the Transfac database are indicated above and below the sequence, respectively [58] .
FIG. 3.
Regions both 5Ј and 3Ј to the start of transcription were required for SF-1 promoter activity. A region of the Ftz-F1 gene from Ϫ734 to ϩ60 bp, relative to the SF-1 transcriptional start site (ϩ1), was cloned upstream of the firefly luciferase reporter gene. Promoter activity was determined by transient transfection analysis in either primary rat Sertoli cells, MSC-1 cells, or MA-10 cells as described in Material and Methods. Promoter constructs were cotransfected with pRL-TK, which expresses Renilla luciferase from the thymidine kinase promoter, and was used to control for transfection efficiency. In both A and B, firefly luciferase activity from the different promoter constructs was normalized to Renilla luciferase values. In A, the firefly/Renilla luciferase activity of the SF-1 (Ϫ734/ϩ60) construct was assayed in each of the cell lines and reported as the activity relative to the firefly/Renilla luciferase activity of the promoterless control vector pGL3-Basic. In B, various promoter deletion mutants are indicated; the activity of each, determined as described above, was analyzed in each of the cell types. Here, the data represent the firefly/Renilla luciferase activity of each SF-1 promoter made relative to the firefly/Renilla luciferase activity of the SF-1 (Ϫ734/ϩ60) Luc construct. Transfections were done a minimum of three times. Error bars represent the SEM.
that of a promoterless control (pGL3-Basic) in primary cultures of Sertoli cells, while in MSC-1 and MA-10 cells, activity was 18-and 10-fold higher, respectively (Fig. 3A) . Relative activity of the SF-1 promoter was therefore greater in primary Sertoli cells than in either of the two cell lines tested. SF1 promoter activity was also examined in the adrenocortical cell line Y1, where it was found to be approximately 45 times greater than that of pGL3-Basic (data not shown).
To help identify elements in the SF-1 proximal promoter region that are required for activity in Sertoli and Leydig cells, a series of deletion mutants were constructed and transiently transfected into primary Sertoli cells, MSC-1 cells, and MA-10 cells (Fig. 3B) . The results indicated that regions both 5Ј and 3Ј to the transcriptional start sites are important for full promoter activity in all cells studied (Fig.  3B) . Deletion from Ϫ734 bp to Ϫ232 bp had only a modest effect on promoter activity in primary Sertoli cells, while in the cell lines the transcriptional activity increased, suggesting that this region contained elements that repressed expression in these cells (Fig. 3B) . The next deletion removed a region from Ϫ232 bp to Ϫ87 bp and resulted in approximately a 50% reduction in promoter activity relative to the Ϫ232/ϩ60 construct. This effect was observed in each of the cell types. Further deletion to Ϫ80 bp, which removes half of a consensus E box element, caused the most dramatic reduction in promoter activity. This element has been shown to be important for SF-1 expression in Y1 and alpha T3 cells [27, 28] and appears to be a key element in SF-1 expression in the testis. Evaluation of the SF-1 promoter by deletion mutagenesis also included evaluation of the region 3Ј to the transcriptional start site. Deletion of the promoter from ϩ60 bp to ϩ10 bp resulted in a dramatic reduction of promoter activity in all cell types analyzed.
Importance of an E Box and a CCAAT Box for SF-1 Promoter Activity in the Testis
We extended the analysis of the SF-1 promoter by constructing a series of block-replacement mutations to help identify elements important for SF-1 expression in the testis (Fig. 4) . Six different block-replacement mutants were generated and placed in the context of the Ϫ734/ϩ60-bp promoter. Transient transfection analysis in primary Sertoli cells, MSC-1, and MA-10 cells identified two regions important for promoter activity. One mutation, 1, disrupts FIG. 4 . An E box and a CCAAT box were important for transcription of SF-1 in Sertoli and Leydig cells. Six block-replacement mutants spanning the region between Ϫ83 and Ϫ51 bp of the SF-1 promoter were generated and placed into the context of the SF-1 (Ϫ734/ϩ60) Luc vector. The sequences of the regions mutated and the respective replacement sequences (lowercase) are shown at the bottom of the figure. Mutations 1 and 4 contain sequences for E box and CCAAT box elements, respectively. Promoter activity was determined in primary rat Sertoli cells, MSC-1 cells, and MA-10 cells by transient transfection analysis as described in the legend to Figure 3 . The data represent the firefly/Renilla luciferase activity of each construct normalized to the firefly/Renilla luciferase activity of the wild-type Ϫ734/ ϩ60 promoter construct. Transfections were done a minimum of three times. Error bars represent the SEM.
FIG. 5. Several complexes bound the SF-1 promoter region containing the E box and CCAAT box. A double-stranded radiolabeled oligodeoxynucleotide probe containing both the E box and CCAAT box sequences (E/C, 5Ј-TGCAGAGTCACGTGGGGGCAGAGACCAATTGGGCCT-3Ј) was used in an electrophoretic gel shift assay together with nuclear extracts from either primary Sertoli cells, MA-10 cells, or MSC-1 cells. Radiolabeled probe (25 fmol; E/C) was incubated with 6-10 g of nuclear extract and resolved on a 4% polyacrylamide gel as described in Material and Methods. Where indicated, unlabeled homologous (E/C) or nonspecific (NS; 5Ј CTAGAGTCGACCTGCAGGCATGCAAGCTTGGCATTC-3Ј) oligodeoxynucleotide competitors were added to the reaction at a concentration equal to 80-fold that of the labeled probe. The arrows with corresponding numbers indicate the major complexes.
bases within the consensus E box element (CACGTG to agttct). This mutation had the greatest impact on promoter activity in both Sertoli and Leydig (MA-10) cells. Mutations 3 and 4 identified a second element important for promoter activity. Within the region mutated by 4, there was a consensus sequence for a CCAAT box, a regulatory motif commonly found in the promoters of mammalian genes. Our studies indicate that the CCAAT motif and sequences flanking its 5Ј side are important for promoter function. Mutations 2, 5, and 6 had no significant impact on promoter function. Thus examination of the region between Ϫ83 and Ϫ51 revealed the use of two promoter elements, an E box and a CCAAT box, in the regulation of SF-1 transcription in Sertoli and Leydig cells.
Occurrence of Cooperative Interactions Between CCAAT Box and E Box Binding Proteins
To examine complexes binding the E box/CCAAT box region of the promoter, an electrophoretic mobility shift assay (EMSA) was performed using an oligodeoxynucleotide probe that encompassed both functional sites of the promoter (E/C; for sequence see Fig. 6B ). With use of nuclear extracts from either Sertoli cells or MA-10 cells, three major complexes were observed (Fig. 5, bands 1-3 ). These complexes bound specifically to the E/C probe as revealed by the ability of specific (E/C) but not nonspecific (NS) sequences to compete for complex binding. Migration of these complexes was similar in Sertoli and Leydig cells, suggesting that related complexes bind these important response elements in the two testicular cell types. MSC-1 nuclear extracts also had three specific complexes, but only two migrated similarly (bands 2 and 3) to complexes observed in Sertoli and MA-10 nuclear extracts. Complexes that formed band 3 appeared more diffuse and tended to run more slowly in the gel when Sertoli cell (or MSC-1) nuclear extracts were used as compared to MA-10 nuclear extracts. A fourth complex that ran below band 3 was also observed with extracts from MSC-1 cells that was not present in Sertoli or MA-10 cells.
Various DNA sequences containing mutations corresponding to those functionally tested by transient transfection were used as competitors in an EMSA to help delineate the sequence requirements of the complexes binding the SF-1 promoter. In both Sertoli and Leydig cells, band 2 appeared to be the only complex whose binding depended solely on bases in the E box (Fig. 6 ). All competitor DNA sequences containing an intact E box (E/C, E box, E/3, E/4, and E/3,4) were able to compete and thus bind band 2, while those lacking the E box (E/C, NS) were not. In addition, corresponding complexes migrating similarly to band 2 were observed with all DNA probes containing an intact E box (E/C, E box, E/3,4), but not with one that lacked this sequence (E/C). On the other hand, in both Sertoli and Leydig cells, the binding of complex 3 depended mostly on the presence of sequences within regions 3 and 4 of the promoter. Thus DNA lacking these sequences (E box, E/3, E/4, E/3,4) failed to fully compete for band 3 binding, and probes that lacked these sequences (E box, E/3,4) did not have complexes of similar migration to that of band 3. Interestingly, band 1 binding appeared to depend on the presence of both the E box and region 3/4. In this instance, sequences lacking either an E box or regions 3 or 4 failed to fully compete for band 1 binding. Note, however, that the presence of one of these regions was sufficient for partial competition of this band (E/C, E/3, E/4, E/3,4), but competition was significantly compromised when compared to that of the wild-type competitor (E/C). In addition, probes containing only one of the binding sites (E box, E/C E/3,4) bound significantly less of the complexes in band 1 than the probe containing both sites. These studies indicate that complexes binding the SF-1 promoter E box/CCAAT box region are similar in Sertoli and Leydig cells. In addition, the binding studies indicated that complexes in band 2 depended only on sequences in the E box, while the complexes in band 3 required sequences in the element defined by regions 3 and 4. Furthermore, a third complex (band 1) required sequences within both the E box and region 3/4 for full binding activity, suggesting a cooperative interaction between proteins binding these two elements.
USF1 and USF2 As Components of the Complexes Binding the E Box in Sertoli and Leydig Cells
The E box is a response element with the consensus sequence CANNTG. This element is typically recognized by proteins in the basic helix-loop-helix (bHLH) family that are most often associated with control of cell growth and differentiation. The sequence of the SF-1 E box, CACGTG, often binds regulators in a subclass within this family called bHLH-ZIP proteins that include USF, TFE3, TFEB, c-Myc, Max, and Mad. To determine whether these proteins are components of the complexes formed on the E/C probe, we included antibodies against USF1, USF2, and c-Myc in an EMSA and examined their ability to cross-react with proteins in the complexes (Fig. 7) . In Sertoli and Leydig cell nuclear extracts, both the USF1 and USF2 antibodies crossreacted with proteins in band 2, as indicated by the loss or reduction of bound complex. No cross reactivity was observed with proteins in either band 1 or 3. Antibodies against c-Myc failed to cross-react with complexes in any of the major bands. Thus, USF1 and USF2 formed a complex that binds the SF-1 E box independently of the downstream element but interestingly does not appear to be part of the E box binding complex requiring the downstream region for full binding activity.
DISCUSSION
SF-1 is a member of the nuclear hormone receptor family that is an important transcriptional regulator of several steroid biosynthetic enzymes and is necessary for the differentiation of adrenal glands and gonads [7, 8] . SF-1's pivotal role in endocrine regulation and development emphasizes the importance of understanding the events that regulate the Ftz-F1 gene. To date, our knowledge of the mechanisms needed for SF-1 transcription is limited, and has stemmed predominantly from studies in adrenocortical and gonadotroph cell lines [27] [28] [29] . Thus, despite its critical role in testis development and function, little is known about the transcriptional mechanisms responsible for SF-1 expression in testicular tissue. Here, we report our findings on the Ftz-F1 gene expression pattern and activity of the SF-1 promoter in testicular Sertoli and Leydig cells.
Since the gene encoding SF-1 (Ftz-F1) encodes four transcripts that arise from distinct transcriptional start sites, 5Ј RACE was used to determine the Ftz-F1 start sites employed in Sertoli and Leydig cells. The results indicated that SF-1 is the major transcript made from the Ftz-F1 gene in both testicular cell types. In addition, the same two major transcriptional start sites were identified in Sertoli and Leydig cells. These two sites were equally represented in the RACE results, and the most 5Ј site corresponded to that previously identified in adult rat testis and adrenal [29] . However, since SF-1 expression is significantly decreased in Sertoli cells of the adult testis, these earlier results likely represented only Leydig cell transcripts [21] . Interestingly, the transcriptional start site for SF-1 in mouse EC cells and Y1 cells was mapped to a position just downstream of the ϩ6 site at position ϩ9 [17, 22] .
The use of multiple transcriptional start sites is a common observation for genes, like SF-1, that lack a TATA box. In many promoters that lack a TATA motif, an initiator element (Inr) is critical in positioning RNA polymerase II [35, 36] . Several Inr elements have been described and classified according to sequence homology and are generally found to span the transcriptional start sites [35] [36] [37] . An Inr consensus sequence (PyPyAϩ1NT/ApyPy) is found in the SF-1 promoter spanning the first transcriptional start site ( Fig. 2; [36] ). Further analysis of the gene is required to determine whether this putative Inr is functional. Frequently Inrs work in conjunction with upstream elements to help position the polymerase. These elements are often rich in cytosine and guanine (GC rich) and bind the transcription factor Sp1 [35] . Interestingly, the SF-1 promoter has several GC-rich regions. One of these regions was mutated in our study (2) but had no effect on promoter function. However, an Sp1 binding site at position Ϫ30 was shown to be important for transcription in Y1 cells [28] . A role for Sp1 binding sites at position Ϫ30 in SF-1 regulation in the testis is currently under investigation.
The 5Ј RACE studies also helped to assess the relative amounts of Ftz-F1 transcripts in the testis. In these studies, primers were used that bound within an exon present in each of the Ftz-F1 gene products. In both MA-10 and Sertoli cells, less than 10% of the RACE products were from Ftz-F1 transcripts other than SF-1, suggesting that SF-1 is the predominant gene product expressed in these cells. This observation was also supported by RT-PCR studies in which amplification of SF-1 transcripts was detectable after only 20 cycles, while 30 and 40 cycles were required to observe ELP2 and ELP3.
Transcriptional regulation of SF-1 was examined in primary cultures and cell lines of the testis. Promoter activity was notably more robust, relative to that of a promoterless control, in primary Sertoli cells than it was in MSC-1 cells or MA-10 cells. However, examination of the SF-1 promoter in the adrenocortical cell line, Y1, showed that relative promoter activity approached that observed in primary Sertoli cell cultures (data not shown). Our current understanding of these differences is limited; and except in the case of MA-10 cells, promoter activity in the various cells appears to follow the corresponding cellular expression of SF-1 protein and mRNA (unpublished results). Thus, additional genomic sequence may be required for full promoter activity in Leydig cells.
Deletion mutagenesis of the Ϫ734/ϩ60 promoter identified several regions that contain important regulatory elements. Deletion of the region between Ϫ734 and Ϫ232 caused a notable increase in promoter activity in MA-10 and MSC-1 cells, while no significant effect was observed in primary Sertoli cells. The data suggest that a repressor interacts with an element in this region and may partially explain why relative activity of the Ϫ734 promoter appeared lower in these cell lines. A second region between Ϫ232 and Ϫ87 was identified as having a positive regulatory element(s), as deletion of this region resulted in an approximate 2 times decrease in promoter activity in each cell type examined. Published studies using ␣T3 and Y1 cells, however, did not show a similar effect [27, 28] whereas studies using a granulosa cell line, DC3, did [28] . This suggests that the elements in this region may function specifically in the gonads; but more direct studies are required to confirm this. Analysis of the sequence within this region revealed potential binding sites for several transcription factors, including GATA-1 and HNF3. More refined analysis of this area will help identify the elements and transcription factors important for SF-1 transcription.
Deletion analysis also supported a role for the 3Ј promoter region in SF-1 regulation. Removal of sequences between ϩ10 and ϩ60 severely compromised activity and suggested that important elements reside 3Ј to the start of transcription. A functional role for cis-acting elements located downstream of the transcriptional start site has been reported for several genes [38] [39] [40] [41] [42] [43] . Interestingly, specific downstream elements known as DPEs have been implicated as interacting with the Inr [42, 43] . Inspection of the SF-1 promoter does not reveal any sequences having the required position and sequence constraints of a DPE. However, many TATA-less genes have also been reported to have a common 3Ј element referred to as MED-1 [41] . A sequence similar to the MED-1 consensus (GCTCCC/G) is located in the 3Ј end (ϩ16 to ϩ21) of the SF-1 promoter. Interestingly, the human Wilms' tumor gene, a gene that is expressed similarly to SF-1 in the testis, also has a MED-1 sequence in the 3Ј region of its promoter [41, 44] . The molecular mechanism by which these 3Ј sequences enhance transcription is largely unknown, but they may act similarly to 5Ј promoter elements to help recruit components of the general transcription machinery or may function as a core promoter element by facilitating the binding and selection of the TFIID complex.
Site-directed mutagenesis of the region between Ϫ83 and Ϫ51 identified two response elements, the E box and the CCAAT box, as important for the regulation of SF-1 in Sertoli and Leydig cells. Both of these elements have been shown to be important for SF-1 promoter activity in Y1 cells, revealing an important commonality in the mechanisms regulating this gene in adrenocortical, Leydig, and Sertoli cells [28, 29] . The E box was also shown to be important for SF-1 expression in the gonadotroph cell line ␣T3 [27] . The sequence of the SF-1 E box (CACGTG) has been shown to bind a number of transcriptional regulators in mammalian cells, all of which tend to be in the bHLHZip class of transcription factors [45] [46] [47] [48] [49] [50] [51] . These include USF1, USF2, TFEB, TFE3, c-Myc, Max, and Mad; and resolving the specificity of these transcriptional regulators has been complicated by the fact that both protein binding and sequence requirements are sensitive to the in vitro binding conditions [52] . Studies in Y1, ␣T3, and granulosa cells identified USF as the major SF-1 E box binding complex [27, 53] .
The CCAAT box is one of the most common elements in eukaryotic promoters and is found at slightly higher frequency in TATA-less promoters than in TATA-containing ones [54] . This sequence often binds the ubiquitous transcription factor NF-Y (also called CBF, ␣CP1, CP1), which is a heteromeric protein composed of three subunits, NF-YA, NF-YB, and NF-YC [55] . This protein requires not only the pentanucleotide CCAAT core for efficient binding but also sequences flanking the 5Ј side and 3Ј side of the core. The sequence of the SF-1 CCAAT element matches well with the consensus NF-Y binding site [54] . Our studies support a role for both the CCAAT motif and bases flanking the 5Ј side of this sequence. Furthermore, our preliminary studies suggest that mutation of either the flanking sequence or the CCAAT motif only partially disrupts binding of an important regulator, as disruption of both sites had significantly greater impact on promoter activity than either single mutation. However, mutation of bases to the 3Ј side had no impact, suggesting either that they are not important for factor binding or that the mutated bases were within the sequence constraints for factor binding. Studies in Y1 cells showed that a protein binding this element cross-reacted with an antibody against CBF (NF-Y), implicating this as a possible candidate for binding to the CCAAT box in testicular cells [28] .
We used EMSA to characterize proteins binding to the E box and CCAAT box regions of the SF-1 promoter and observed three major specific complexes that migrated similarly in Sertoli and MA-10 cells. One of the binding complexes required only sequences within the E box for efficient binding and cross-reacted with antibodies generated against USF1 and, to a lesser degree, USF2 (Fig. 7) . However, in addition to USF1/USF2 binding we identified a second, more substantial, complex that interacts with the E box in Sertoli and Leydig cells (Figs. 6A and 7 , complex 1). Interestingly, for efficient binding, this complex not only required sequences within the E box but also those within the CCAAT motif (Fig. 6A) . Although we currently do not know the identity of the proteins in this complex, it does not likely contain USF1, USF2, or c-Myc, as antibodies against these proteins did not affect formation of the complex or result in the production of a supershifted complex. In an attempt to identify components of this complex, we used many (Ͼ 20) different commercially available antibodies, including one directed against NF-YA (Rockland, Inc., Gilbertsville, PA), and found no significant effect on complexes binding the E/C probe (data not shown). Studies using a radiolabeled probe containing a consensus binding site for NF-Y (5Ј-CTGTGGCATGCTCTAACCAATTAG-AGAA-3Ј) confirmed the presence of NF-Y and the specificity of the NF-YA antibodies under our EMSA binding conditions. Therefore NF-Y does not appear to be a component of the complexes binding the E/C probe.
SF-1 is expressed in a limited number of tissues and cells, and the mechanisms that direct this tissue-specific expression are not well understood. Identifying the proteins that are responsible for SF-1 transcriptional activity and its restriction to particular cell types will be critical to our understanding of SF-1 regulation and will help unravel the genetic pathways leading to adrenal and gonad formation. Previous studies have shown that the Ϫ92-bp SF-1 promoter is expressed in a cell-specific manner, indicating that elements within this region of the promoter help restrict SF-1 expression [27] [28] [29] . Within this region of the promoter, only three elements have been identified in the regulation of SF-1 transcription: the E box, the CCAAT box, and one of the potential Sp1 sites. With respect to the E box, this element has been shown to be important for SF-1 transcription in adrenocortical cells, gonadotroph cells, and now Sertoli and Leydig cells. Furthermore, the CCAAT box has been shown to be important for SF-1 transcription in adrenocortical, Sertoli, and Leydig cells, while a role for the Sp1 site closest to the transcription start site has been established only in adrenocortical cells.
Although USF1, USF2, NF-Y, and Sp1 have been shown to interact with these identified response elements, more direct functional data are required to determine whether these proteins regulate SF-1 transcription. Because of their ubiquitous nature, these factors are clearly not sufficient by themselves to direct tissue-specific expression of this gene. Thus, if these proteins are involved, additional mechanisms must be invoked. The possibility of different mechanisms and/or transcription factors regulating SF1 expression in adrenocortical cells-versus those regulating SF-1 expression in testicular cell types-is exemplified by the sexually dimorphic expression of SF-1 in male and female gonads. This sexual dimorphic expression is not found in the expression of SF-1 in the adrenal glands of either males or females. Possible mechanisms include cell-specific modifications or the use of specific coactivator proteins. However, analysis of the SF-1 promoter is incomplete, and therefore additional elements that work in conjunction with these may be responsible for the cell specificity of SF-1. Alternatively, proteins other than USF1, USF2, CBF, or Sp1 may interact with these elements and help direct cell-specific expression. One possibility is the relative ratio of ubiquitous transcription factors within an individual cell contributing to the cell-specific expression of a particular gene (reviewed in [56] ). For example, the ratio of Sp1 to Sp3 within a cell corresponds to the susceptibility of differentiated epithelial cells to viral infection by human papillomavirus type 16 [57] . A mechanism such as this is especially intriguing in view of the number of Sp1 binding sites within the SF-1 promoter. Although beyond the scope of this study, preliminary results not presented here suggest that the Sp1 sites do play a role in SF-1 expression in testicular cell types as previously shown in Y1 cells. Unique to our study is the identification of a complex different from USF1 or USF2 that requires sequences in both the E box and CCAAT box for efficient binding. This is the major in vitro binding complex on the E box/CCAAT region of the SF-1 promoter and may represent a unique transcription complex that helps restrict SF-1 expression to particular cell types. Currently, it is unclear whether the complex represents a single protein that makes contacts with each site or distinct proteins that interact with and facilitate binding of the other. The presence of multiple protein complexes binding these sites suggests that regulation through these elements may involve different factors that function under distinct cellular conditions. Further studies are needed to help determine the identity of proteins in these other complexes and to determine the role of these, as well as of USF1, USF2, and Sp1, in the regulation of SF-1 in the testis.
